His work is focused on developing a strong manufacturing engineering workforce and a science-based understanding of manufacturing processes to help industry innovate. He has active research projects on micro end milling, pulsed laser polishing, friction stir welding, and resource efficiency of manufacturing processes. The
Introduction
This paper details the development of a new design and fabrication course in the Department of Mechanical Engineering. The intended goals, the problems encountered in implementation, the adjustments made to the course curriculum, and the final outcomes will be discussed.
Justification of Need
It was determined through feedback from students of the undergraduate Mechanical Engineering program, their potential employers, and the department's Industrial Advisory Board that a more extensive design and fabrication experience was desired. Initial feedback pointed to the need for a design experience at the sophomore/junior level to fill the large time void between the College of Engineering's Freshman Design Experience and the student's senior capstone design course. A proposal was developed for the creation of a sophomore level design course that would include an extensive fabrication component. The funding for the development of this course was provided through a generous private benefactor with strong ties to the University and the Mechanical Engineering Department along with a history of support for undergraduate education. This provided summer funding for course development and the hiring of a teaching assistant for the first semester. The instructional staff associated with the course during its initial four semesters is given in Table 1 . The course was initially offered using the department's course development number, ME 601. This developmental course number would prove problematic to the stated course goals due to our intended target audience. The course is being offered under its formal course number, ME 449, for the first time in Spring 2015. 
The Stirling Engine
During the semester, each student will fabricate and test their own Stirling engine: a thermomechanical device. A Stirling engine is a heat engine that operates by cyclic compression and expansion of a working fluid (e.g., air) at different temperatures 1 . Based upon the Stirling cycle, it is a closed-cycle regenerative heat engine. This means that the system uses two constant volume regenerative cycles. The regenerator can be a wire or ceramic mesh, or any kind of Page 26.184.3
porous plug with a high thermal mass 2 . It is this use of a regeneration system that distinguishes the Stirling engine from other types of heat engines. In our case the regenerator was constructed from non-woven ultra-fine grade silicon carbide material (Scotch Brite™ UltraFine Pad). Silicon carbide does possess a high thermal conductivity and relatively high specific heat for a solid 3 , however, the effectiveness of our regenerators were never evaluated. Despite this, we will continue to refer to this device as a Stirling Engine in this paper.
The Stirling Engine used for the course is based upon a design by Dr. James R. Senft, Professor Emeritus of Mathematics, University of Wisconsin -River Falls, and referred to as a GammaType 5 . The engine is capable of sustained operation with a 20C temperature differential between the hot and cold reservoirs of the engine, which in this case are the upper and lower plates of the containment volume ( Figure 1 and Appendix Figures A2-A3 ).
Figure 1: Schematic of gamma-type Stirling engine used in the course
The Stirling engine was chosen as the semester-long build and redesign focus of the course because of its mechanical and operational simplicity. Despite this simplicity, it still provides ample areas for design improvement and requires a keen attention to detail during its fabrication. The theoretical calculated efficiency for the Stirling cycle at a 20C temperature differential is less than 7%. This calculation is based upon calculation of efficiency of a Carnot cycle using the same temperature differential. By calculating this efficiency we can set an upper limit to the Stirling efficiency since no engine operating between heat reservoirs can have a higher efficiency than the Carnot cycle.
A Carnot cycle engine using an ideal gas as an operating fluid has an efficiency given by; where are the temperatures (in Rankin) of the hot and cold reservoirs 4 . Using the values of = 0 ℃ = 20 ℃ , as proposed for our testing procedure, we obtain a 7% maximum efficiency.
Of course, the actual efficiency of our Stirling engine design is significantly lower. All losses through mechanical sources (friction), thermal sources (heat transfer) and fluid flow (aerodynamic and pressure loss), reduce this efficiency below the 7% ceiling. Due to its low efficiency, simply obtaining a running engine requires students to pay close attention to topics such as their machining tolerances and assembly techniques.
Our engine testing procedure involves placing the engine (Figure 1 ) upon an ice bath, waiting 30 seconds to allow heat transfer transients to diminish (i.e., stabilization of the bottom and top plate temperatures), starting the engine by a small push of the flywheel and then after another 30 seconds of run time, recording the speed of the engine based upon the RPM of the flywheel. This procedure provides for an approximately 20C temperature differential between the top plate at approximately 20C (room temperature) and the bottom plate at approximately 0 C (ice bath). Thermocouples are used to measure the actual temperatures during testing.
Formal Course Description
This course has a lecture/lab format. There are (2) one hour lectures and (1) three hour lab per week. The lectures cover topics such as the principals of both product design and product redesign along with the manufacturing processes the students will be using during the course of Stirling engine fabrication. The lecture period also provides discussions of the thermal and mechanical processes occurring within the engine and areas of potential energy loss. Additional topics of relevance to the students are lectures on Design for Manufacturability and Design for Assembly (DFM/DFA), aesthetics in design, and the use of prototyping in the design process. A copy of the course syllabus is given in the Appendix, Document 1.
Students in the class receive a basic design for a Gamma-Type, Stirling Engine. A Gamma-Type engines is one in which the engine displacer and power piston exist in different cylinders 5 . The design materials provided to the students consist of a complete set of model files for the fabricated components along with an assembly drawing with a bill of materials (BOM). In addition, students are given machining protocols for the components that they will fabricate. Students generate formal detail drawings of the fabricated components during the course of the semester. Examples of the machining protocol and the technical drawing for one of the Stirling engine components are given in the Appendix in Document 2 and Figure A1 , respectively. The Stirling engine assembly and BOM are also provided (Appendix, Figures A2-A4 ).
Each student does all the manufacturing (e.g., machining, wire bending, laser cutting) required for the majority of the fabricated components themselves, under the supervision of the course TA and the College of Engineering Student Shop staff. The exception is the flywheel component which is laser cut by a local vendor and the displacer is laser machined in the Student Shop. The students do however, design the flywheel (Figure 2 ) within vendor and assembly constraints and handle all interactions with the vendor, providing another valuable design experience. Components that are purchased include the glass work cylinder (part 18), graphite piston (part Page 26.184.5
19), o-rings, bearings, and fasteners. Starting in the Spring 2015 semester the displacer bushing (part 9) is being printed in the Student Shop on an FDM machine. In prior semesters, the displacer bushing was machined out of nylon.
Figure 2: Flywheels designed by students Also, the student must fully assemble the basic design of the Stirling Engine. Once completed, the engine is then tested to establish benchmark values of speed at a measured temperature differential as well as build quality and aesthetics. The build quality and aesthetic evaluations are performed as peer evaluations by the class as a whole. As an ancillary project during the course, students are also required to fabricate a sheet metal box which will be used as their containment vessel for the ice bath. The students are given a square piece of sheet metal to use in fabrication and the final overall dimensions of the box. These sheet metal boxes are also evaluated for build quality, aesthetics, dimensional accuracy, safety (i.e., sharp edges), and water tightness.
Students are asked to perform a critical examination of the functions of each of the components for the basic Stirling Engine design with the intent of identifying design changes that would provide improvements in performance. Performance could include operational increases in speed for a given temperature differential. When considering these design improvements, identifying areas where energy losses can be reduced is critical. Evaluation could also include a critical examination of the machining protocols provided using Design for Manufacturing (DFM) principals presented during the course lectures or aesthetic improvements to the engine. Proposed design changes must be justified by defining metrics for evaluation and analytically or empirically demonstrating an improvement. In conducting these evaluations, students are asked to consider; and from this information design and write a test protocol.
Students are then required to fabricate any redesigned components, and demonstrate a performance improvement against their benchmark values. This effort must be fully documented in deliverables: a written report and oral presentation, at the end of the course. The students get to keep their engines (Figure 3 ).
Figure 3: Final redesigned Stirling engine of a student

Difficulties Encountered in Implementation
During the first semester that the course was offered, Professors Martin and Pfefferkorn taught this course with Scott Johanek as the TA. Despite the period of summer development, it soon became apparent that the instructional staff were not fully prepared for the complex task of guiding students in the process of manufacturing and assembling the Stirling Engines. A critical mistake was the failure to actually build one of the engines before the semester started and therefore learn from the process. Additionally, the course TA had not machined all the components himself before the start of the class.
A different test method from that currently used for engine evaluation was employed during the first semester. Engines were placed on a hot plate and the temperature was increased until the engine would run. The estimated temperature difference (between the hot plate and room temperature) was recorded along with the speed (RPM) of the engine. The instructors recall that only 50% of the student's engines actually ran by the end of the semester. In one memorable incident, a student during their attempt to make their engine run tested it on a kitchen stove and melted the polycarbonate displacer cylinder (part 3). So much time was devoted to building the engines and making them operate that very little time was devoted to redesigning the engine. By the third semester that this course was offered (Table 1 ) every student had their engine running on an ice bath by the end of the semester. Page 26.184.7
As mentioned earlier, the use of the developmental course number ME 601 caused its own problems. In the Department of Mechanical Engineering, formal engineering courses with a number of 400 or greater may be taken for technical elective credit by undergraduate students and for program credit by graduate students. This, along with the subject matter, made the course attractive to these students. Since course enrollment occurs for students in order of their classification (graduate students, then seniors, juniors, etc.), the course would tend to fill before the original target audience of sophomores were able to register. Also, because the developmental number is "601" there was a perception by many sophomores that this was a 600-level course and not something that would be suitable for them. This perception persisted despite our efforts to advertise the new course offering and clearly state that sophomores were encouraged to enroll. This is reflected in the enrollment numbers listed in Table 2 . Additionally, it was noted during that first semester that students with lower technical backgrounds, e.g., those who had not completed courses in both thermodynamics and heat transfer, were at a disadvantage, even when the material was presented qualitatively rather than quantitatively. Another issue involving the sophomores is that many at that level had not yet been accepted into a degree program. Program acceptance required maintaining a prescribed minimum grade point average GPA). The sophomores involved in that initial semester commented that the time commitment involved with the course, especially the time spent in the Student Shop, hampered their efforts to maintain the GPA necessary to enter a department.
Adjustments to Course
During subsequent semesters, the composition of the course changed as fewer lower level undergraduate students enrolled (Table 2 ). Due to this change, the material within the course was adjusted such that expectations were raised in terms of the analytical efforts of the students. By the third time the class was offered, a mid-term exam was added. Formal calculations of energy losses were required of the students.
One critical development that occurred for the third offering of the course (Fall, 2013) was the hiring of a new TA for the course, Christopher Westphal, who possessed a strong skill set in machining and design. He improved and documented the machining protocols (see Appendix, Document 2), developed more detailed lab materials for the students, created training videos for certain manufacturing procedures, and built manufacturing fixtures for some of the parts. Page 26.184.8
Recommendations
After four semesters of development it was determined that the course was best suited for senior undergraduates and graduate students. Material had evolved along with the changes in enrollment (see Table 2 ) to contain higher expectations of academic rigor. With these considerations, the final formal course description was developed. This was submitted and approved by the departmental curriculum committee and eventually the University's Physical Sciences Divisional Committee. The course was assigned a formal course number of ME 449 and was offered for the first time as an official course during the Spring 2015 semester.
While committed to retaining the new ME449 course as a senior/grad technical elective, we did not wish to abandon the original objective of a sophomore/junior design experience with a fabrication component. Toward this end, the course faculty has indicated to the departmental curriculum committee the need for a low-level developmental course number so as to avoid the registration problems previously experienced. The course faculty, based upon input from the rest of the department faculty, came to the conclusion that a sophomore/junior design course should be a required course for the department and course development should take that into account. This does present several problems which would need to be addressed. First and foremost is identifying if the additional credits required for such a course would increase the program degree requirements or come from removing or modifying an existing required course. In addition, a sophomore/junior design course would have to serve 120-140 students a semester based upon current enrollments. It rapidly became apparent that any serious fabrication component within such a class would overburden our already crowded Student Shop facility, and hence would not be feasible at this time. In conclusion, the concept of a sophomore/junior design experience is still being considered and at this writing, proposals are being developed which address the issues identified.
Outcomes
Despite the heavy workload of the course, particularly in terms of the time spent working in the student machine shop, the course has been well received by students. This is evidenced by the results of semester student course evaluations for the course (Table 3) . Scores for ME449 (previously ME601) were consistently higher than those for all ME required classes and scored very well when compared to all senior/graduate level courses (technical electives), even those with very low enrollments (6 -8 students) which has a tendency to skew higher in approval.
It was noticed that the scores for the course varied significantly over the four semesters. It is the author's opinion that the rise in student approval during the first three semesters was due to ongoing adjustments made to improve the course, in particular, making the connections between the lecture material more obviously relevant to the redesign and prototyping process. The drop for the Spring 2014 semester is likely due to the move to electronic surveying methods, which decreased the student response rate and in the minds of many faculty at our institution, skewed responses to the negative, based upon the opinion that those students who had a bad experience were more likely to take the time to respond.
On the positive side, the course has also been very well received by members of the department's Industrial Advisory Board and company interviewers. Students have discovered that discussing the course with potential employers and even bringing their Stirling Engine to interviews to be particularly impactful. One instance involved a student who claimed he received an internship at the Harley Davidson Corporation due to his involvement in the course. One anecdotal outcome of note involves a department alumnus, who upon seeing a course demonstration at an open house and meeting and talking with several students, made a six figure donation to the department targeting instructional efforts in design. 
Conclusions
This is a lab-intensive course with a semester project that students spend between 50 to 80 hours on, by their own estimates. Instructional cost to the department is somewhat high due to the fact that each lab section is capped at eight students, the extensive use of machine shop resources, and the use of a TA. In the Department of Mechanical Engineering this is the only 400-level course (for which graduate credit is given) with a TA. Material costs for creation of the Stirling Engine and sheet metal box are approximately $100 per student. There is currently little expense to students as the material expense in borne by the department and there is no text for the course.
Despite the cost, this course will be offered as a technical elective once per academic year. Both undergraduate and graduate students learn a great deal from hands-on experience using the manufacturing tools/processes available in the college of engineering while participating in a complete engineering experience that combines: design, dimensioning and tolerancing, manufacturing, and quantitative analysis. The course is important to undergraduates interested in careers in design and manufacturing and an important addition to the department's design offerings. The course is invaluable to any graduate student working in an experimental lab environment. One of the authors requires that all of his new graduate students take this course in order to prepare them for conducting research experiments. 
